Introduction
Intra-operative radiation therapy (IORT) is the delivery of a relatively high dose of radiation to the tumour bed or residual disease at the time of surgical resection. The benefit of this technique is the posecured directly to the residual tumour or tumour bed. The region anterior to the applicators is mostly air with significantly less scattering properties than tissue. The dose computation algorithm in commercial treatment planning system assumes that the applicators are surrounded by an infinite scatter medium. 15 This assumption, however, is strictly valid only in cases of interstitial and intracavitary brachytherapy and may lead to an over-estimation of the dose in the case of IOHDR brachytherapy.
In a recent publication, 16 we have shown that this lack of scatter from one side of the applicator has the potential of leading to significant underdosage during treatments. Our measurements showed that underdosages at two planned prescription depths (5 mm and 10 mm) were 8.5% and 12.5% for each of the conventional treatment geometries studied (applicators with surface areas of 4, 7, and 12 cm 2 ). In a clinical environment, IOHDR brachytherapy treatments typically involve irregular surface areas and there has been concern whether the previous published results with standard irradiation geometries can be ported to these clinical situations as well. In the present study, we have used an experimental approach to quantify the magnitude of underdosage in clinical cases with irregularly shaped applicators.
Materials and methods
In this retrospective study, the treatment plans of 10 consecutive patients previously treated at our facility were analyzed. Eight patients had a prescription depth of 10 mm where the therapy was delivered out using applicators (Freiburg Flap Applicator, Freiburg, Germany) consisting of a contiguous array of 5 mm radius plastic spherical beads, which have a provision to insert multiple nylon catheters separated by 10 mm. The remaining two patients were treated without an applicator, resulting in a prescription depth of 5 mm. In our practice, the prescription depth is defined as the distance between the center of the source dwell positions and the treatment plane. The clinical set up of a representative IOHDR brachytherapy treatment is shown in Figure 1 . In this study, the prescribed dose varied from 5 Gy to 15 Gy ( Table 1) . The treated areas were irregular in shape, covering surface areas of 8 cm 2 to 180 cm 2 Oh M et al. / Dose delivery in intra-operative high dose rate brachytherapy and consisted of 3 to 16 catheters, depending on the size of the target volumes. The clinical treatment plans for each patient were restored to the planning system (Plato, v. 14.2, Nucletron, Columbia, MD) and were renormalized to deliver a dose of 200 cGy to the original prescription depth. The measurement setup is shown in Figure  2 . For patients with a 10 mm prescription depth, the treatment delivery was simulated by inserting 5 mm bolus material posterior to the applicator to achieve the prescribed distance from the center of the source to a piece of radiographic film. EDR2 films used to get dose profiles were placed on top of a solid water phantom (30 cm x 30 cm x 15 cm) and full scatter conditions were obtained by putting 15 cm of bolus material on the top of the applicator.
The H & D curve for EDR2 film for Ir-192 was generated using a reference applicator having a treatment area of 7 x 7 cm 2 and a prescription depth of 10 mm with the prescribed dose varying from 0 to 400 cGy ( Figure 3 ). Fifteen centimeters bolus on top of the applicator was used to simulate the full scattering environment. 16 H & D curve films as well as the measurement films were processed in quick succession to reduce processor dependent uncertainties. A Kodak RP X-OMAT film processor (Model M6B) was used for developing all films. These films were then scanned using a Vidar VXR-16 Dosimetry PRO TM film scanner (Vidar Systems Corporation, VA) and analyzed using the RIT 113 film Dosimetry system (version 3.14). Figure 4 shows the optimized dose distributions in transverse planes for 2 representative patients having a prescription dose of 15 & 7.5 Gy delivered to the prescription depths of 5 and 10 mm, respectively. In the case of incomplete scatter, the prescription dose was actually delivered to a point that was shorter than the intended prescription depth. The magnitude of this shift was found to be a function of the prescription depth and was about 1.3 mm and 2.2 mm for the prescription depths of 5 mm and 10 mm, respectively, as shown in Table 1 . Also, Table 1 shows the average distance differences between the measured and planned prescription dose lines. As can be seen from Table 1 , the distance between the planned and the measured isodose line is a function of the prescription depth.
Results
As expected, the actual doses delivered to the prescription points were 10.5% to 12.4% (average 11.1%) lower than prescribed doses for the cases with the prescription depth of 10 mm and were about 7.7% lower with the prescription depth of 5 mm (Table 2 and Figure 5 ). The magnitude of this under- dosage was dependent on the prescription depth and independent of the treatment area. In our earlier paper, 16 we had reported on this underdosage for square applicator geometries (4 x 4, 7 x 7 & 12 x 12 cm 2 ). Our present work, using the actual patient plans with irregular geometry of applicators/source configurations, has also given similar results, thereby, further strengthening our earlier observation that the underdosage is a function of prescription depth and does not depend on either the shape or the size of the treatment area. This underdosage was also uniformly spread throughout the treatment area as can be seen from Figure 6 where delivered dose profiles with and without backscatter materials are plotted for a representative patient. For this particular patient, the prescription was 10 mm.
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As shown in Table 2 , measured doses with the full scattering were very close to the intended dose of 200 cGy, with averages of 197.3 cGy and 198.2 cGy for 10 mm and 5 mm prescription depths, respectively. Incidentally the measured dose values are within the ±3% uncertainty expected from film dosimetry 17, 18 when carried out in a controlled environment.
Discussion
In case of IOHDR treatments which usually have a single plane and no crossing at the end of catheters, this results in plans in which the dwell positions at the periphery get higher dwell times than at the center. Thus, this type of inhomogeneous dwell time distribution results in optimized treatment plans which give more homogeneous dose throughout the desired target area. In case of IOHDR brachytherapy treatments, this target is an area encompassed by the prescription point. In arriving at the optimized plan, the planning system assumes that the applicators are surrounded by infinite scatter material. However, this assumption becomes invalid when one side of the applicator is exposed only to air, as is frequently the case in IOHDR brachytherapy. Therefore, a significant underdosage due to the lack of scatter would potentially be delivered to the target volume.
In most IOHDR treatments, typical geometry does not include full scatter on the opposite side of the applicator from the treatment area. This results in an over-estimation of the delivered dose in the target volume by the treatment planning system due to the over-simplistic assumption of the full scatter during the dose computation. One can think of correcting for this underdosage by augmenting the scatter environment by placing a scattering medium on the top of the applicators during IOHDR procedure. However, the addition of bolus material during the IORT is not always feasible. A real danger is the weight of the added bolus compressing critical structures in and around the target area. A simple approach will be to account for this underdosage during the treatment planning stage by either prescribing to an appropriate isodose level or by shifting the prescription points deeper into the target. We have demonstrated that without the typical scatter environment, actual dose delivered can be different from prescription dose. But how this "underdosing" would potentially change clinical outcome is less clear. IOHDR clinical experience has been built on long-established techniques that do not account for the suboptimal scatter environment. While our measurements suggest that typical HDR treatment planning systems underestimate the actual dose delivered by 7.7% at 5 mm and 11.1% at 10 mm, we do not know whether this "underdosage" would change clinical outcome. Our study has demonstrated that the historical data available using electron IORT cannot be compared with IOHDR without factoring this underdosage. Peripheral nerve and other normal structure IOHDR recommended tolerance doses have been established by clinical experience. For target prescription dose and for normal structure dose tolerance, we hope that our proposed more accurate dosimetry would be clinically meaningful. But the best test of the benefits of improved dosimetric accuracy − an advantage in local control or survival − would require years of follow-up to observe.
Conclusions
Dosimetry calculations for IOHDR brachytherapy are typically carried out with treatment planning systems that assume an infinite scatter environment around the applicator and the target volume. We have shown this assumption results in significant shortening of the prescription depth, thereby leading to substantial underdosage to the tumor volume. The underdosage was found to be a function of the prescription depth and was found to be independent of the shape and area of the treated volume. It may be clinically relevant to correct for these errors by augmenting the scatter environment or, preferably, by appropriately modifying the prescription dose or by moving the dose prescription points downstream from the catheters during the treatment planning itself.
